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ABSTRACT 
 
A correlation between enhancements in surface ozone observations and 
decreased equivalent potential temperature (i.e. surface downdraft identifiers) is 
observed in the Brazilian Amazon during convective events. Meteorological and 
chemical data collected during the Green Ocean Amazon (GoAmazon 2014/5) field 
campaign are used to explore the link between storm kinematics and surface ozone 
enhancement events. Contoured frequency by altitude diagrams (CFADs) of S-band 
radar reflectivity values are used to gather more information about the structure and 
evolution of storms during ozone enhancement events in the Amazon. Using a smaller 
domain than previous CFAD studies, the evolution of individual storm characteristics 
(i.e. downdrafts) is more apparent. A branch of higher reflectivity breaking off near 7 km 
and descending to the surface is observed in the CFADs near the time of descending 
motion and maximum surface ozone. This phenomenon, which we refer to as a 
descending arm, is found to be a robust feature during ozone events.  
Case studies of varying surface ozone enhancement intensities illustrate the 
relationship between the shape and distinctiveness of the descending arm and the timing 
and magnitude of the enhancement events. Strong ozone enhancements correspond to 
stronger, well-defined descending arms. Vertical velocity retrievals from vertical 
profilers are used to confirm the presence of descending motion. A descending arm 
metric is created to automate the detection of descending arms and their relative 
strength. Future work will refine this metric and allow us to test the sensitivity of 
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descending arms on other environmental factors and their use in identifying convective 
cold pools.  
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1. INTRODUCTION 
 
1.1 Convective Structure and Lifecycle 
Atmospheric convection starts with a parcel of warm, moist air that finds itself 
less dense than the surrounding air and begins to rise. This is known as the cumulus 
stage of a convective cell’s lifecycle and is marked by an increasing rate of ascent as the 
parcel cools, water condenses, and latent heat is released, which enhances the 
temperature difference between the cell and the environment. The storm transitions to a 
mature stage when a downdraft is initiated by precipitation with fall speeds greater than 
the updraft can support. This stage is marked by the onset of rain and the presence of 
free-tropospheric air at the surface. This cool, near saturated air descends rapidly in a 
convective downdraft from near the ambient cloud layer at 800-900 mb or higher up 
within the cumulonimbus (Zipser 1977).  
The final, dissipating stage of a convective cell occurs when the downdraft cuts 
off the source of warm moist air to the storm. The schematic in Figure 1 illustrates the 
life cycle of a single convective cell. In the presence of vertical wind shear or through 
the aid of certain storm characteristics (e.g., gust fronts) multiple cells can develop and 
feed off of one another during the mature stage.  
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Figure 1. The evolution of a single convective cell. From Wallace and Hobbs (2006). 
 
 
 
1.2 Convective Transport (Up and Down) 
At the beginning and end of this process there is convective transport of air 
between the lower troposphere and the upper troposphere in both directions (Zipser 
1969,1977). This redistribution of air is the link between deep convection and the 
sources and sinks of trace gases such as ozone (Garstang et al. 1988, Figure 2). Tracking 
the distribution of these gases in the presence of convection requires an understanding of 
storm evolution, draft structures and parcel trajectories (Scala et al. 1990). 
 
 
 
 
8.3 Deep Convection 351
behind as cloud debris (including extensive patches
of anvil cirrus), to evaporate into the ambient air.
The single-cell thunderstorm is short lived and
rarely produces destructive winds or hail because it
contains a built in “self-destruct mechanism” namely,
the downdraft circulation induced by the rainshaft
(Fig. 8.48c). In the absence of v rtical w nd shear the
thunderstorm has no way of ridding itself of the pre-
cipitation it produces without destroying the buoyant
updrafts that feed it.
b. Multicell torms
Multicell storms are characterized by a succession of
cells, each evolving through its own cycle as in a sin-
gle cell storm and, in the process, promoting the
development of new cells. Under conditions of weak
vertical wind shear, the storms tend to be poorly
organized and the relationship between the individ-
ual cells so weak as to be barely discernible.
However, when the shear is strong, the individual
cells may be so tightly integrated that they lose their
own identity to the larger scale and!or longer lived
entity of which they are a part. The mode of organi-
zation of multicell storms also depends on the parti-
tioning of the shear between the components aligned
with and transverse to the wind itself. A prominent
feature of many convective storms is the gust front,
where warm, moist boundary-layer air is lifted by the
leading edge of the evaporatively cooled (and there-
fore relatively dense) air diverging from the base of
the downdraft. New cells tend to form along the
advancing gust front, sustaining the multicell storm,
while older cells die out as they fall behind the gust
front and become surrounded by cooler, denser
downdraft air.
A schematic of an idealized symmetric multicell
storm is shown i  Fig. 8.49 in coordinates moving
with the storm. New convective cells are shown form-
ing in the air that is lifted by the approaching gust
front. When air lifted by the gust front reaches its
level of free convection, it begins to rise sponta-
neously under the force of its own buoyancy. Water
vapor condenses onto cloud droplets and ice parti-
cles in the updraft and, when the particles grow suffi-
ciently heavy, their fall speeds exceed the updraft
velocity and they fall out. Dry environmental air,
with low equivalent potential temperature is shown
entering the storm from the rear at middle levels. As
precipitation particles fall out of the updraft into this
dry air, they partially evaporate and, in so doing, they
cool the air toward its wet bulb temperature. As the
air cools it becomes negatively buoyant relative to its
surroundings and begins to sink. The frictional drag
of the falling precipitation particles produces an
additional downward force, intensifying the down-
draft. The updraft air is shown exiting the storm on
the downwind side, forming an anvil that may extend
100 km or more in advance of the storm. Hence, from
the perspective of a ground-based observer, the pas-
sage of this storm would be marked by thickening
high overcast, followed by the approach of a much
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Figure 2. A schematic showing the transport of ozone and ozone precursors in 
convective up and down drafts and in the trailing stratiform region during a convective 
event. Image adapted from Grant et al. (2008). 
 
 
 
Chatfield and Crutzen (1984) hypothesized deep convection to be a major 
redistributor of trace gases from the boundary layer to the free troposphere, which was 
later supported by observational evidence in Dickerson et al. (1987). These studies and 
many others, including Gidel (1983) and Greenhut (1986), all note the important 
influence of convection on the vertical distribution of trace gases.  
Most of this previous work is focused on the transport of air upwards via 
convective updrafts and the implications for the chemistry of the upper troposphere 
fluxes can explain the enhanced O3 levels (w10–20 ppbv)
reported in Fig. 5. Thus, deep vigorous mixing in the lower
troposphere brought about by the storm, in conjunction
with typical increasing O3 concentrations with height, can
account for the increases in O3 observed at the surface
during the time of the convective downdrafts.
One goal of this study is to enhance a conceptual model
describing the transport associated with continental trop-
ical mesoscale convective storms. Based on observations
made in Senegal and other continental sites (Dickerson
et al., 1987; Betts et al., 2002; Bertram et al., 2007),
a conceptual model (Fig. 10) is proposed herein to explain
the influences of convective storms on the redistribution of
O3 in the continental tropical troposphere. As already
reported by others (e.g., Dickerson et al., 1987; Bertram
et al., 2007), storm updrafts can transport O3 precursors
from the boundary layer to the upper regions of the cloud.
At the same time, within-cloud lightening generates
substantial amounts of NOx which can subsequently
dominate the photochemical characteristics of the upper
troposphere (Zhang et al., 2004; Sioris et al., 2007). Thus,
the combined effect of lightning and upward transport of
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Fig. 9. Vertical variation of equivalent potential temperature (EPT), wind speed, eddy diffusivity (K(z)), and ozone flux estimated for August 31, 2006.
Fig. 10. During mesoscale convective storms, air from the surface is transported upward into the upper troposphere. Ozone precursors are transported and
detrained in the upper troposphere. Storm downdrafts transport ozone frommid troposphere to surface. In the wake of storms, subsidence transports ozone-rich
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(Bertram et al. 2007). Particularly in the Brazilian Amazon much work has been done to 
characterize the transport of biomass burning products (Pickering et al. 1996) and ozone 
(Garstang et al. 1988, Kirchoff et al. 1996) from the surface.  
Not as well documented is the contribution of convective downdrafts, despite the 
fact that the magnitude of this transport can be similar or greater than the updraft portion 
and can balance the upward transport (Garstang et al. 1988, Grant et al. 2008). A handful 
of studies (Betts et al. 2002, Grant et al. 2008, Gerken et al. 2015) have considered the 
transport of ozone rich air from the mid troposphere (where tropospheric ozone in the 
tropics typically maximizes) down to the surface during the mature stage of a convective 
cell. The magnitude of these ozone enhancement events depends on the vertical 
distribution of ozone and the origin of the downdraft (Gerken et al. 2015). The majority 
of the previous studies are chemistry oriented and the downdraft origin and transport 
processes behind this transport are not well understood. 
Grant et al. (2008) were the first to use tower-based instruments, ozonesondes, 
and radar to study the influence of convective downdrafts on surface ozone 
enhancements in western Senegal. Similar increases in surface ozone during convective 
events were observed in the Bay of Bengal (Sahu and Lal 2006) and in the Amazon 
(Betts et al. 2002).  
Environmental factors including storm characteristics, time of day, and 
seasonality can impact the magnitude of surface ozone events. The strength of 
convective velocities and the height origin of the downdraft impact the amount surface 
ozone is enhanced during convective events. Convective velocities greater than 10 m/s 
  5 
are sufficient for the transport of ozone to the surface (Grant et al. 2008), but stronger 
velocities don’t always lead to greater enhancements. Stronger storms can transport air 
with increased levels of ozone from higher levels increasing the surface ozone levels 
(Grant et al. 2008). Conversely, stronger storms can lead to more mixing which reduces 
the vertical ozone gradient and can lead to smaller increases in ozone at the surface 
(Gerken et al. 2015). There is a diurnal component as well; intense ozone events can 
occur at night because there is a stronger gradient between the boundary layer and 
tropospheric ozone due to higher rates of dry deposition at night and better mixed 
conditions during the day (Betts et al. 2002, Gerken et al. 2015). The rainy season 
typically sees smaller values of ozone at the surface due to reduced precursors such as 
NOx and biomass burning products, reduced radiance due to increased cloudiness, and 
increased surface deposition with higher amounts of surface vegetation. This increases 
the vertical gradient of ozone and can lead to stronger events in the rainy season (i.e., 
February-April) (Betts et al. 2002). Stratiform regions of convective storms can also 
efficiently transport ozone to the boundary layer in lower concentrations over longer 
time scales (Lelieveld and Crutzen 1994).  
 
1.3 Ozone  
The redistribution of ozone in the troposphere influences atmospheric chemistry 
cycles and Earth’s surface energy budget. Transport of ozone to the surface by 
convective downdrafts reduces its lifetime because of the increased sinks (Grant et al. 
2008). Downdraft transported ozone increases levels of HO and subsequent reactions 
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can change the oxidation capacity of the lower atmosphere. These reactions decrease the 
greenhouse effect by reducing the amount of methane and carbon monoxide at the 
surface (Grant et al. 2008). The presence of ozone also keeps gases such as CO and NOx 
below harmful levels (Betts et al. 2002). Ozone is a strong absorber of thermal energy in 
the atmospheric window, so increased concentrations can alter the surface energy budget 
(Betts et al. 2002). Enough ozone is transported by downdrafts to influence the local 
chemistry of the Amazon and decrease the levels of natural rainforest emitted 
hydrocarbons (Gerken et al. 2015).  
Ozone values monotonically increase with height in the tropical troposphere 
(Kirchoff et al. 1990, Gerken et al. 2015). Over the Amazon, ozone values increase at an 
average rate of 6 ppbv/km in the wet season (Grant et al. 2008). Figure 3 shows an 
average vertical profile of ozone in Manaus for both the wet and dry seasons. Ozone 
profiles follow the lead of the surface, as can be seen by the decrease in ozone toward 
the surface during the wet season through the whole troposphere (Kirchoff et al. 1996). 
An average ozone profile increases with height in the lowest 3-5 km and then remains 
steady above 5-6 km until the influence of stratospheric ozone leads to a steady increase 
with height above 10 km.  
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Figure 3. An average wet season (thick dash-dot line) and dry season (dashed line) 
vertical ozone profile for the year 1987. The average temperature profile (thin dash-dot 
line) is also shown. Image adapted from Kirchoff et al. (1990). 
 
 
 
There are several sources of ozone above the boundary layer including reactions 
with the abundant NOx from frequent lightening in the tropical mid to upper troposphere 
(Dickerson et al. 1987, Pickering et al. 1996, Bertram et al. 2007) and some transport 
from the lower stratosphere (Kirchoff et al. 1990, Thompson et al. 1997). Ozone 
behavior at the surface is more complex. Ozone sinks at the surface include surface 
deposition and reactions with NO, CO, and hydrocarbons (Grant et al. 2008). During the 
wet season the increased vegetation increases the amount of ozone lost at the surface 
leading to smaller surface values and a stronger gradient with height (Betts et al. 2002). 
Photochemical and catalytic reactions near the surface produce and destroy ozone. 
Ozone values at the surface are greater during the dry season due to less deposition with 
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reduced vegetation and decreased cloudiness leading to more photochemical production. 
Surface values of ozone have an average diurnal peak of 12 ppbv in the dry season and 6 
ppbv in the wet season near Manaus, Brazil, which is significantly lower than other 
locations at similar latitudes, because of the increased vegetation. Forested regions have 
even smaller surface ozone concentrations (Kirchoff et al. 1990).  Factors influencing 
surface ozone values include timing and proximity of precipitation and biomass burning 
events. Drier sites tend to have higher concentrations of ozone, but the effect of rain 
doesn’t seem to depend on the amount of precipitation observed (Kirchoff et al. 1996). 
Convection plays a role in the distribution of ozone vertically and in the amount 
at the surface. During convective events the presence of lightning leads to increased 
levels of NOx, a precursor for ozone production. Convection also mixes the troposphere, 
which decreases the vertical gradient of ozone. As discussed in Section 1.2 convective 
up and down drafts displace ozone at or to the surface. The increases from convective 
transport by downdrafts typically last 1-2 hours.  
Figure 4 shows the mean diurnal profile of ozone at the surface during the month 
of February. The magnitude of the cycle shifts seasonally, but the pattern is consistent. 
(Betts et al. 2002). Surface ozone values are at a maximum during the day when vertical 
mixing is strongest, which transports ozone from aloft down to the surface. Local 
photochemical processes are also most active at this time of day. Ozone peaks around 
noon. As the surface cools off at night, the boundary layer becomes decoupled 
eliminating entrainment of ozone and after sunset there is no longer photochemical 
sources. Ozone is destroyed at night by reactions with NO, produced by soils, and 
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deposition at the surface. Ozone reaches it’s lowest value at night, which can be nearly 
zero in forested regions (Grant et al. 2008). 
 
 
 
Figure 4. The mean diurnal cycle of theta-e and ozone at the surface from February 11-
28, 1999. Image adapted from Betts et al. (2002). 
 
 
 
1.4 Theta-e Profiles 
It is useful to know approximately where in the atmosphere the parcel of air 
observed during an ozone event came from and if it descended rapidly in a convective 
downdraft. A useful quantity that can be calculated with readily available observations is 
equivalent potential temperature, often referred to as theta-e. Theta-e makes a good 
tracer because it is conserved in evaporation and condensation processes (Emanuel 
ergy in the so-called atmospheric window (in the wavelength of
!9.6 !m). In the unpolluted free troposphere, ozone levels are
relatively high compared with those at the surface, as strato-
spheric ozone can be transported downward into the upper
troposphere [Kirchhoff et al., 1990]. Near the surface in the
atmospheric boundary layer, it can be both generated and
removed by catalytic and photochemical reactions involving
CO, VOCs, and NOx. Despite the extensive research carried
out during the last decade [Brasseur et al., 1999; Sachse et al.,
1999], we still do not know the exact contribution of the strato-
sphere to the ozone levels recorded close to the ground. Since
the tropopause is much higher in the tropics than in midlati-
tudes, it has been suggested that much of the ozone observed
in the rural lower atmosphere is photochemically produced
[Crutzen, 1985], because processes such as natural fires and
biomass burning, in general, contribute to the production of
precursors which form ozone [Pickering et al., 1992; Thompson
et al., 1997]. Studies have shown that near-surface photochem-
ical generation is large during the dry season, in part because
of widespread biomass burning [Delany et al., 1985; Kirchhoff et
al., 1990]. In the rainy season, ozone production in Amazonia
is reduced, because of the suppressed photochemical activity
resulting from somewhat cloudier conditions (and hence less
actinic irradiance to drive ozone photochemistry) and from
little or no biomass burning. Additionally, the dry deposition of
surface ozone to vegetation is enhanced during the rainy sea-
son [Gregory et al., 1988; Fan et al., 1990; Sigler et al., 2001].
Consequently, in the rainy season the Amazonian region is
predominantly a sink of ozone, and ozone concentrations in-
crease with height [Gregory et al., 1988]. During the daytime,
when vertical mixing is strong in the BL, surface ozone values
are high in response to local photochemistry and vertical trans-
port from aloft to the surface. At night, as the surface cools and
the stable BL largely uncouples the surface from the tropo-
sphere above, near-surface values become low because of dry
deposition of ozone to the underlying surface [Kirchhoff, 1988;
Fan et al., 1990]. As a result, ozone levels progressively decline
after sunset, and within a few hours the nocturnal BL generally
becomes low in ozone due to surface deposition. In earlier field
and modeling investigations in the tropics [Garstang et al.,
1988; Scala et al., 1990] the emphasis was to examine the
upward transport of trace gases (including ozone) from the
surface into the free troposphere by convective systems. In
contrast, in this study we examine the largely unreported ver-
tical transport of ozone from the middle troposphere to the
ground surface during highly convective storm systems. In the
presence of convective downdrafts, driven by the evaporation
of falling precipitation, ozone levels can rapidly increase at
night due to the strong coupling between the surface and the
air aloft. We shall show examples where these downdrafts
penetrate the stable BL at night and inject air from above, that
is both low in equivalent potential temperature and high in
ozone.
2. Ozone and Equivalent Potential Temperature
Variations at the Surface
[5] The coupling of ozone (O3) and equivalent potential
temperature ("E) is different during the daytime period, while
the convective boundary layer (BL) is deepening under the
influence of surface heating, and at night, when mean ozone is
low unless convective downdrafts bring ozone down to the
surface. We shall first show the mean diurnal cycle.
2.1. Mean Diurnal Cycles of O3 and !E
[6] Figure 1 shows the mean diurnal cycles of surface "E
(left-hand scale) and O3 (right-hand scale) for the 19-day pe-
riod from 11–28 February 1999 (days of year (DOYs) 42–59).
The time axis is local standard time (LST), which is UTC- 4
hours. Because the surface cools at night, "E has a morning
minimum at sunrise. The nocturnal stable BL largely uncou-
ples the surface from the atmosphere above, so surface O3 is
gen rally low at night, because it is quickly removed by cat -
lytic reactions. Two ozone averages are shown, one for the
whole period and a second one (dotted), which excludes 5 days
(DOYs " 46, 49, 55–57) when downdrafts bring down air at
night from higher in the atmosphere (four of these cases are
discussed in section 2.3). These two O3 averages differ signif-
icantly only at night, when this second curve, influenced less by
downdrafts, is lower and reaches 3 ppb just before sunrise.
After sunrise, "E rises quickly, reaching a peak near 360 K just
after local noon under the influence of the surface sensible and
latent heat fluxes, themselves driven by the surface net radia-
tion. As the surface "E rises, the BL deepens and mixes air
down from higher in the atmosphere, which has a higher O3
concentration. In addition, photochemical processes generate
O3 during the daytime. Thus at the surface, the morning rise of
"E is closely coupled to a rise of O3. In the afternoon, "E falls
under the influence of precipitation-driven convective down-
drafts, while O3 stays high, reaching a mean value of 16 ppb at
1430 LST, because the same downdrafts that mix down lower
"E air from higher in the atmosphere bring down air with
probably higher O3. As the surface cools and uncouples again
from the atmosphere above in the late afternoon, O3 again falls
as it is removed by catalytic reactions.
2.2. Diurnal Cycle of Ozone Mixing Ratio During February
1999
[7] Figure 2 shows the diurnal cycle of ozone mixing ratio
from 11 February to the end of February (DOYs 42–59). Dur-
ing the daytime hours, ozone concentrations are much higher
during the period 11–21 February. This corresponds to a re-
gime of northeasterly winds at low levels [Rutledge et al., 2000;
Rickenbach et al. 2002; Betts et al., 2002]. At the end of Feb-
Figure 1. Mean diurnal cycle of "E and O3 at surface from 11
to 28 February 1999.
BETTS ET AL.: OZONE TRANSPORT BY CONVECTIVE DOWNDRAFTSLBA  13 - 2
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1994). Decreases in surface theta-e values are evident in all identified surface ozone 
events for our study. Changes in theta-e vary from 2.55 to 20.33 K and often occur 
simultaneously with the increase in ozone. Previous studies that have used theta-e to 
track downdraft air include Zipser (1969), Betts (1973), and Betts and Silva Dias (1979); 
see also Figure 5.   
 
 
 
Figure 5. A schematic showing potential pathways of air with lower theta-e values down 
to levels with higher ambient theta-e values during a convective event. From Zipser 
(1969). 
 
 
 
Theta-e is calculated using observed air temperature (T), water vapor mixing 
ratio (r), and barometric pressure (p), all of which are readily available from soundings 
and meteorological measurements made at our instrument site. The remaining constants 
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are the latent heat of vaporization (Lv), the dry heat capacity of air (cpd), the gas 
constant of dry air (Rd) and a reference pressure (p0) of 1000hPa. 
 
Unlike ozone, theta-e decreases with height in the tropical troposphere. The 
largest values of theta-e are at the surface because of the presence of surface and latent 
heat fluxes driven by solar heating. The main sink of theta-e is radiative cooling (Betts 
1992). Within a convective downdraft, entrainment and evaporation of rain doesn’t 
change the theta-e value. As this cool air sinks, the corresponding theta-e values, lower 
than the original surface air, confirm the presence of descending motion.  
Figure 4 shows the mean diurnal cycle of theta-e at the surface during February 
1999. Similar to ozone in the tropical troposphere reaches a minimum right before 
sunrise because the surface continuously cools throughout the night. Once the sun rises, 
theta-e increases rapidly to a peak near 360 K just after local noon. Theta-e decreases in 
the afternoon in the presence of convective downdrafts that bring down air with lower 
values of theta-e. 
 
1.5 Objective 
The object of this thesis is to unite storm kinematics and chemistry observations 
to describe the transport of ozone in convective downdrafts over the Brazilian Amazon. 
Using 3-D reflectivity data collected during the Green Ocean Amazon 
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(GoAmazon2014/5) field campaign, I use a novel method to illustrate the downward 
transport of air in a convective system and to detect and describe the height and 
magnitude of convective downdrafts and their associated ozone transport over the 
Amazon.  
 
 
 
 
 
  13 
2. DATA AND METHODS 
 
2.1 GoAmazon2014/5 
The Observations and Modeling of the Green Ocean Amazon (GoAmazon) 
experiment took place in the Brazilian Amazon during 2014 and 2015 and collected 
meteorological and chemistry observations to better understand the influence of a 
pollution plume from the industrial city of Manaus, Brazil on local storm kinematics and 
chemistry. Figure 6 shows the location of Manaus and several surrounding instrument 
sites. The main instrument site, T3, was located ~70 km west of Manaus just outside the 
city of Manacapuru to intersect the pollution plume as many days as possible. A second 
site, ZF2, was located 60 km NNW of Manaus and was a source of clean, background 
observations.  
Chemistry and meteorological observations were taken at these sites over the 
course of two years, particularly during two intensive operation periods (IOPs). The first 
IOP (IOP1) took place February-March 2014 and the second IOP (IOP2) took place 
August-September 2014. Relevant instrumentation for this study includes an S-band 
radar in Manaus, vertical wind profilers and an X-band radar at T3, and surface ozone 
observations at T3 and ZF2. These observations provide groundwork to further explore 
the convective transport of air to the surface during strong convective events. 
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Figure 6. A map of South America showing the location of instrument sites for the 
GoAmazon2014/5 field campaign. Image adapted from Gerken et al. (2015).  
 
 
 
2.2 SIPAM Radar 
The Sistema de Proteção da Amazônia (SIPAM) S-band, Doppler radar located 
at the Manaus-AM airport (03°08’56’’S, 59°59’29’’W, elevation 102.4 m) provided 
consistent three-dimensional reflectivity measurements during the campaign. The 
Manaus radar is part of a network of S-band (10-cm wavelength), Doppler radars that 
operate across the Amazon. The radar operated a scan strategy with 17 elevation angles 
every 11 minutes with data recorded out to 250 km from the radar at 500 m resolution.  
M
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Figure 1: Map of South America and the central Amazon indicating the location of the study site (ZF2) in
relationship to the cities of Manaus and Manacapuru. The black lines mark roads.
surements (model RIMB500, McVan Instruments, Melbourne, Australia) from a site located99
3.11 km away from the flux tower are used in this analysis.100
Ambient O3 levels were measured (model 49i, Thermo Fisher Scientific Inc., Waltham,101
MA) at a frequency of 1Hz. A Proton Transfer Reaction Mass Spectrometer (PTR-MS,102
Ionicon Analytik, Innsbruck, Austria) was used to measure isoprene and monoterpene mixing103
ratios. The air sampling intake for both instruments was placed at 40m above ground. The104
inlet was placed below a rain shield and had a filter holder with a 1µm pore size Teflon105
membrane to exclude dust and pollen. The membrane was changed weekly. The O3 analyzer106
was housed in an environmentally controlled shed located at the ground level, approximately107
5m from the tower. A pump moved the air at 12 liters per minute from the inlet to the108
analyzer via a 3/8-inch (9.8mm) outer diameter Teflon tube. The O3 analyzer was calibrated109
before deployment and regularly zeroed to ensure high data quality.110
Ozone data were averaged to produce 5- and 30-minute quantities. Air temperature (T ),111
water vapor mixing ratio (r), and barometric pressure (p) were used to compute values of112
6
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At this time we have access to SIPAM products from January 3, 2014 through 
August 17, 2015. Data was recorded out to 250 km, but is arguably only reliable out to 
110 km because of the large beam width of the SIPAM radar. This range still allows a 
comfortable margin to observe storm evolution across the main instrument sites. The 
polar coordinate radar data is interpolated on a 2 km x 2 km grid.  
The 17 elevation angles included in the scan strategy were: 0.9, 1.5, 2, 3, 4, 5, 6, 
7, 8, 9, 10.5, 12, 13.5, 15, 16.5, 18, and 19° (Figure 7). The Internet connection in 
Manaus was inconsistent, so often the highest elevation angles, which were recorded 
last, are missing in the data set. Elevation angles at and below 13.5° are consistently 
available. The lack of higher elevation angles limited our ability to explore any echo top 
patterns relative to the ozone events.   
 
 
 
Figure 7. The 17 elevation angles used in the Manaus SIPAM radar scan strategy. 
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The SIPAM radar data was first calibrated using the TRMM PR ground 
validation technique described in Marks et al. (2009) and then monitored during the first 
three months of the campaign. An additional ground validation technique described in 
Silberstein et al. (2008) was used later on to fix abrupt discrepancies noticed in the radar 
returns. This technique uses stable ground clutter pixels located around the radar that 
should have stable returns day to day unless a change takes place to the radar system. 
Figure 8 shows the 95th percentile values of stable ground clutter pixels identified near 
the radar during 2014. Major changes seen in February and August 2014 imply a manual 
calibration shift was made. To compensate for these changes we added 2 dB to 
reflectivity values from February – 27 August 2014 and subtracted 3 dB to values from 
28 August 2014 through September 2014.  
 
 
 
Figure 8. The 95th percentile value of ground clutter pixels near the SIPAM radar in 
Manaus, Brazil used to account for undocumented shifts in the radar system. 
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Reflectivity values can be correlated with rain gauges or drop size distributions 
(DSDs) from disdrometers to calculate rain rates over the radar domain. This 
relationship is known as a reflectivity-rain rate (Z-R) relationship and was first published 
by Marshall et al. (1948). A Josh-Waldvogel impact disdrometer operated by the 
Universidade do Estado do Amazonas (UEA) in Manacapuru was used to calculate a Z-
R relationship for the first IOP (Feb/Mar 2014). The final Z-R relationship, Z = 174.8 * 
R1.56 (Figure 9), was used to create monthly and seasonal rainmaps. 
 
 
 
Figure 9. A Z-R relationship calculated for the 2014 wet season using SIPAM 
reflectivities and rain rates from a J-W disdrometer located at T3. 
 
 
 
A CAPPI (constant altitude plan position indicator) image at 2.5 km was created 
for each 12 minute volume scan and then averaged together to create rainmaps for each 
IOP (Figure 10). A height of 2.5 km was found to be the most inclusive and 
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representative height for rain events in this region. Several regions of strong blockage 
are apparent in these images. For example, the NE corner of the radar domain and a slice 
directly south of the radar. These areas were removed using a mask before any statistics 
were calculated. Radar data is available out to 250 km but is most reliable within a 
radius of 110 km from the radar. The areas of the domain used for the majority of this 
study were free from any strong blockage or attenuation gaps. 
 
 
 
Figure 10. Average SIPAM radar rain maps centered on Manaus for the two IOPs. 
Rainrates shown in mm/hr based on 2.5 km CAPPIs. The inner red ring indicates a 
radius of 110 km and the outer 150 km from the SIPAM radar. 
  
 
 
The climatology of the Amazon basin is split into three distinct seasons: wet, dry, 
and transition with maximum rainfall during the wet season in March and a minimum at 
the peak of the dry season in August (Machado et al. 2004). These well established 
Wet Season (FEB/MAR) Dry Season (AUG/SEP) 
Range Rings: 
100 &150 km 
0.0             0.2             0.4            0.6 [mm/hr] 
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seasonal variations in Amazon rainfall can be seen in the rain maps created with SIPAM 
corrected reflectivity and the Z-R relationship mentioned above (Figure 11). February 
through May experience large, more organized systems with widespread stratiform rain, 
characteristic of the wet season. Convective cells during the dry season are smaller, but 
often more intense and are more influenced by local forcings such as the river/land 
breeze and the diurnal cycle. Convective cells during the dry season cover a much 
smaller area, but still account for a significant portion of annual rainfall across the basin.  
 
 
 
Figure 11. Monthly SIPAM radar rainmaps for 2014.  
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2.3 Vertical Profilers 
A UHF ARM zenith radar (UAZR) and a W-band ARM cloud radar (WACR) 
were located at T3 and provided vertical velocity retrievals for the duration of the 
campaign. The UAZR is a reconfigured wind profiler that points vertically and can 
collect data from deep convective clouds. The original function of the ARM 915-MHz 
UHF wind-profiler system which has a 9° beam width and 33-cm wavelength was to 
estimate lower tropospheric horizontal winds from the surface up to 6-8 km. Over time 
the profilers were reconfigured to only point vertically and are referred to as UAZRs in 
this mode (Giangrande et al. 2013). The WACR is a zenith pointing Doppler radar most 
widely used to determine cloud bottoms and tops. WACR products include reflectivity, 
radial velocity, and spectral width.  
A combination of both radar’s products was used by Scott Giangrande to create 
profiles of vertical velocity, mean Doppler velocity, reflectivity, rain rates, and spectral 
width over T3 for the duration of the campaign. A quick look at the products most 
relevant to this study is shown in Figure 12. The vertical velocity retrievals indicate the 
direction and speed of air motion once the fall speed contribution of media within the 
radar volume is removed. Velocities are shown in m/s and positive/negative values 
indicate upward/downward motion. UAZR reflectivity products are dependent on the 
number and size of media intersected by the radar signals and are calibrated using 
surface disdrometers located at T3. These products are available up to 16 km above the 
surface at a time interval that varies between 5-10 seconds.  
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Figure 12. A quick look of the T3 vertical profiler products used in this study. These 
profiles are from 13 November 2014. In the bottom figure positive values indicate 
upward motion. 
 
 
 
2.4 Ozone and Theta-e Measurements 
  Ozone observations were collected at both the ZF2 and T3 instrument sites using 
a model 49i, Thermo Fisher Scientific Inc. Surface (<100 m) ozone measurements were 
averaged into 5 and 30-minute values. Theta-e values were calculated from continuous 
temperature, relative humidity, and pressure measurements collected at T3.  
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Ozone enhancement events within the 5 minute averaged data was defined as an 
increase in ozone mixing ratio of at least 2.5 parts per billion by volume (ppbv) and a 
simultaneous decrease in theta-e of at least 2.5 K within a one hour time window. A total 
of 170 ozone events were observed at T3 from April 2014 to June 2015.  
The magnitude of ozone enhancements ranged from 3.1 – 39.8 ppbv, with 
corresponding changes in theta-e from 2.5 – 20.3K. The distribution of ozone events 
throughout the year (Figure 13) roughly follows the precipitation climatology shown in 
Figure 11. There is an increase in events as you approach the wet season and a clear 
minimum in August when precipitation is at its lowest value of the year (Figure 13). 
There are exceptions, notably the month of February, which has much few events than 
expected. Figure 14 shows a distribution of ozone events by the magnitude of ozone 
change measured at the surface. Each bin represents ozone events within a 5 ppbv range, 
with starting points listed below the bars. The events are skewed toward smaller delta 
ozone values, with 89% of ozone enhancements below 18.1 ppbv and 73% below 13.1 
ppbv.  
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Figure 13. The monthly distribution of 170 ozone events observed at the T3 instrument 
site from April 2014 – Jun 2015. 
 
 
 
 
Figure 14. The 170 ozone events distributed by the magnitude of the ozone 
enhancement at the surface. Bin sizes are 5 ppbv. X-axis values represent the starting 
point for each bin. 
 
 
 
2.5 CFAD Methodology 
Contoured frequency by altitude diagrams (CFADs) of radar products (e.g. 
reflectivity, vertical velocities, and differential reflectivity) were first used to display 
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statistical distributions of storm properties by Yuter and Houze (1995). Compared to the 
typical cross section display of radar data, a CFAD illustrates the gross evolution of the 
storm (Figure 15). Cross sections suffer because of the narrow subset of data that can be 
viewed at one time. A CFAD gives a better representation of storm evolution across a 
domain instead of only at a single point in space. 
 
 
 
Figure 15. From Yuter and Houze (1995). 
 
 
 
In a single plot, CFADs provide information about the frequency distributions of 
radar reflectivity values at every height level (in this study, 0.5-20 km every 0.5 km). At 
each height level, reflectivity values from 0-50 dBZ are binned with a bin size of 5 dB 
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and then normalized by the total number of points at that height level. The horizontal 
position of each grid cell is ignored. Contours of these normalized frequencies are then 
plotted in a coordinate system where the y-axis is height and the x-axis is reflectivity 
values (e.g., Fig. 15c). The contours are in units of percentage of point per unit variable 
per km and not percentage of data points. The labeled contour intervals used for the 
CFADs in this thesis are 0.1 0.2 0.3 0.4, and 0.5. The contour shading was done at 
higher resolution values of: 0.001, 0.005, 0.01, 0.02, 0.03, 0.04,0.05, 0.06, 0.08, 0.09, 
0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45, and 0.5. The individual contour levels were 
chosen to best illustrate the details in the frequency distributions. The contour patterns 
within the CFAD reveal information about the width and skewness of the frequency 
distributions at each level and the rate of change of these distributions with height within 
the same volume and from one volume to the next (Yuter and Houze 1995).  
The main difference between my CFADs and those of Yuter and Houze (1995) is 
the size of my domain. Their original CFADs were made over a radar volume of 40 km 
x 39 km x 17.2 km, which is fairly small compared to most studies that composite 
CFADs over the entire radar grid. I experimented with smaller domain sizes to 
illuminate individual storm structures that are washed out in CFADs made across large 
grids. For this work, reflectivity below an altitude of 2 km was not included in the 
CFADs to avoid ambiguity due to ground clutter. A lower threshold was applied to the 
normalized frequencies so that any level that contributed less than 0.3% of the total 
counts was not included in the final image. This condition eliminated levels above 12-15 
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km for most cases, which were sparsely populated and skewed the distribution away 
from reality.  
The reflectivity fields from all the volume scans available during the two IOP 
periods were composited to create seasonal CFADs (Figure 16). The composites were 
made using the 22 x 22 km box size CFADs. Normalized frequency distributions at 
every height level were averaged with that same height level for all the scans available 
for the particular composite category. The final product was a CFAD with each level 
representing the average frequency distribution at that height level over the time period.  
The first IOP, which took place February and March of 2014, is representative of 
the wet season climatology. The second IOP took place in August and September of 
2014 and is characteristic of the transition season climatology. Because of limitations 
due to the operational radar characteristics, reflectivity values < 10 dBZ were removed at 
all levels. The IOP1 CFAD shows a more narrow distribution of reflectivities at all 
heights and does not reach as high of values as IOP2 CFAD. The IOP2 CFAD is 
indicative of dry season convection, which is often stronger, as illustrated by the higher 
reflectivity values aloft.  
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Figure 16. CFAD composites for each IOP. IOP1 is an average of February/March 2014 
and IOP2 is an average of August/September 2014. 
 
 
 
2.6 CFAD Application to Ozone Events 
The CFADs created with the methodology described above can be used to gather 
more information about the structure and evolution of storms during ozone enhancement 
events in the Amazon. CFADs give a unique insight into the evolution of storms from 
convective to stratiform stages. CFADs from a 19 June 2014 system that passed over the 
ZF2 instrument site illustrate this transition very well (Fig. 17). The CAPPI image shows 
a leading line of convective cells followed by a widespread stratiform region. 
 
 
A
lti
tu
de
 [k
m
] 
A
lti
tu
de
 [k
m
] 
Reflectivity [dBZ] Reflectivity [dBZ] 
IOP1 (FEB/MAR) IOP2 (AUG/SEP) 
  28 
 
Figure 17. A CAPPI image showing the storm that passed over ZF2 on 19 June 2014. 
The black box north of Manaus represents the ZF2 instrument site. 
 
 
 
Figure 18 is an idealized schematic of the lifetime of a convective cloud and its 
transition from convective to stratiform stages. In the beginning stages of a convective 
updraft air is being lofted where it can cool and condense. Reflectivity values at this 
stage are small as droplets are still growing. Eventually the hydrometeors reach a size 
that the updraft cannot support and descending motion begins to collapse the updraft. 
Precipitation laden downdrafts continue to reach the surface as the storms transitions to a 
stratiform profile with an extended anvil at upper levels. Figure 19 illustrates this same 
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transition in radar reflectivity values in a time height space. In the updraft portion at the 
beginning of the storm reflectivity values increase from left to right as the updrafts gain 
strength and hydrometeors grow. Around 1818 GMT the highest surface reflectivity 
values are observed. Reflectivity values are high for the entire vertical extent at this 
time. This represents the downdraft initiation and the onset of strong, sudden 
precipitation at the surface. As the storm transitions to a stratiform stage higher 
reflectivity values are observed at lower levels where it is raining and lower values (10 – 
30 dBZ) are observed in the extended anvil area.   
 
 
 
Figure 18. An idealized schematic of the lifetime of a cumulonimbus cloud and its 
transition from convective to stratiform stages. From Houze (2014). 
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Figure 19. An idealized vertical profile of reflectivity values for the cumulonimbus 
transition shown in Figure 18. From Houze (2014). 
 
 
 
Many of the changes illustrated in these schematics can be seen in the CFADs 
shown in Figure 20 made as the storm passed over the site. The first CFAD (Figure 20a) 
shows a convective profile in the updraft portion of the storm. The reflectivities are low 
because water is still condensing and any hydrometeors present are still growing as they 
are lofted up. Figure 20b shows a branch of higher reflectivity that breaks off just below 
7 km and descends all the way to the surface, reaching reflectivity values above 40 dBZ. 
We refer to this branch as a descending arm. The descending arm represents the initial 
collapse of the updraft when the hydrometeors become too heavy to be supported and a 
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Figure 8.1 Empirical model of a small cumulonimbus cloud. Based on about 90 research aircraft
penetrations of small cumulonimbus and large cumulus clouds. (From Hobbs and Rangno, 1985.
Reprinted with permission from the American Meteorological Society.)
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Figure 8.2 Time-height section of radar reflectivity for a thunderstorm near Cape Kennedy,
Florida. Times of intracloud (1C) and cloud-to-ground (CG) lightning are indicated. (From Williams et
al., 1989. © American Geophysical Union.)
Also indicated in the figure is the sequence of lightning strikes produced by the
cumulonimbus. The seque ce is rather typical. Frequent lightning doe not occur
until cloud top rises above the -15 to -20°C level (about 7 km in Fig. 8.2).
Intracloud (IC) lightning occurs first and at high frequency for several minutes,
especially while the cloud and radar echo are still growing. Cloud-to-ground (CG)
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mass of rain and air descends rapidly in a convective downdraft. It is at this stage of the 
storm that a large quantity of ozone is brought to the surface and increases the ambient 
amount anywhere from 3.1 to 39.8 ppbv (in this case, the ozone enhancement was 20 
ppbv). The storm then transitions to a stratiform stage (Figs, 20c and d). Reflectivity 
values increase with decreasing height as precipitation continues to fall and the larger, 
numerous hydrometeors fill the radar domain.   
We postulate that CFADs are useful in identifying the approximate origin of the 
convective downdrafts that bring ozone to the surface since descending arms are present 
during a majority of the ozone enhancement events observed during the 
GoAmazon2014/5 campaign. Their shape and distinctiveness may also give an 
indication of the timing and magnitude of the enhancement events.  
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Figure 20. A case study from 19 June 2014 that shows the transition of the storm from 
convective to stratiform using CFADs. 
a) Convective b) Descending Arm c) Transition d) Stratiform 
a) Convective b) Descending Arm c) Transition d) Stratiform 
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3. RESULTS 
 
3.1 Case Studies 
The presence of an ozone enhancement event at the surface during strong 
convective events is well established, but details about the convective structure and 
transport during these events is not. During ozone events, the vertical structure of 
reflectivity values can tell us a lot about the convective transport that is taking place. I 
chose three case studies of varying surface ozone enhancement strengths to illustrate the 
strong relationship between the ozone events and the vertical profiles of reflectivity. 
Case #1 is representative of a low intensity case with an observed change in ozone at the 
surface of 4.5 ppbv. Case #2 is a medium intensity case (delta ozone = 10.2 ppbv) and 
Case #3 is a high intensity case (delta ozone = 22.2 ppbv). In all three cases, an 
enhanced branch of reflectivity that extends from 4-6 km down to the surface at the time 
of the maximum surface ozone is apparent, and proves to be a robust phenomenon for 
these ozone events.  
Case #1, the low intensity case, took place on 21 December 2014 at 1948 UTC 
(15:48 LT). December falls toward the end of the transition from the dry to wet season. 
A CAPPI image from this time (Figure 21) shows isolated convective cells over T3. 
These cells moved slowly WSW across T3 over the course of several hours. The ozone 
enhancement event took place at 1948 UTC when a strong cell with reflectivity values 
above 45 dBZ was positioned right over the instrument site. The vertical profiler 
reflectivity and vertical velocities for this time show enhanced reflectivities and 
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descending motion (shades of blue in the bottom figure) right before the time of 
maximum surface ozone at 1939 UTC (indicated by the red dashed line). CFADs made 
for the volume scan closest to the event and representative times before and after show 
the evolution of the vertical structure of reflectivity during the ozone event. The profile 
starts off with reflectivity values concentrated at low values. The second CFAD, made 
for the time of maximum surface ozone, shows a descending arm that breaks off just 
below 8 km and descends all the way to the surface, reaching reflectivity values above 
40 dBZ. The descending arm is a robust feature seen during most of the ozone 
enhancement events. It corresponds in time with the observed maximum surface ozone 
and the presence of descending motion in the vertical profiler vertical velocities. As the 
storm continues to move, the reflectivity values decrease in magnitude with only light 
rain occurring at the surface.  
Case #2, the medium intensity case, took place on 8 January 2015 at 1400Z 
(10:00 LT). The time series of 2.5 km CAPPI images in Figure 22 shows several small, 
but intense cells over T3 that strengthen, merge and slowly move westward. The 
convection is slightly more organized over the T3 site than in the previous case. The 
vertical profiler shows enhanced reflectivity reaching above 8 km and a bright band right 
at 5 km. The vertical velocity shows some descending motion right before the time of 
maximum surface ozone. The first CFAD profile shows lower reflectivity values that 
reach up to 9 km. As the storm intensifies, a branch of enhanced reflectivity breaks away 
from the profile near 7 km and reaches down to the surface in the second CFAD. This 
descending arm is more distinct than in the previous case. The third CFAD shows the 
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profile move to higher reflectivity values at lower altitudes as strong rain and the 
associated downdrafts overtake the 22 km x 22 km grid box.  
Case #3, the highest intensity ozone enhancement case, shows a similar pattern 
with the most defined descending arm (Figure 23). This event took place on 13 
November 2014 at 0436Z (0036LT). This convection was the most organized of the 
three events with a leading conglomerate of strong cells and a trailing stratiform region. 
The strongest ozone values were observed as the first of the cells passed over T3. The 
vertical profiler data shows the ozone event happened just after the onset of strong 
reflectivity values and the strongest observed descending motion. The CFADs in this 
case show a very clear transition from the early convective profile, to a strong 
descending arm that originates above 6 km and then a transition to a stratiform profile as 
the stronger convection moves beyond T3 to the west.  
Based on these case studies, it appears that the descending arms were sensitive to 
the strength of the ozone events. The stronger the ozone event, the better defined the 
descending arm. This is likely due to stronger convection bringing air from higher up 
with a larger ozone concentration. Over the course of their lifetime, strong storms can 
mix the troposphere, which decreases the gradient of ozone with height, but the 
descending arm takes place at the initiation of the downdraft and would likely happen 
before significant mixing takes place.  
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Figure 21. Case Study #1, the low intensity ozone event, took place on 21 December 
2014 at 1948 UTC (15:48 LT) and increased ozone at the surface by 4.5 ppbv. The first 
three images are 2.5 km CAPPIs showing the evolution of the storm. The next three 
show CFADs made for these radar volume scans. The final image shows the reflectivity 
and vertical velocity profiles from the vertical profiler at T3. 
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Figure 21. Continued. 
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Figure 21. Continued. 
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Figure 22. Case Study #2, the medium intensity ozone event, took place on 8 January 
2015 at 1400Z (10:00 LT) and increased ozone at the surface by 10.2 ppbv. The 
remaining images are the same as shown in Figure 21 for this storm. 
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Figure 22. Continued. 
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Figure 22. Continued. 
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Figure 23. Case Study #3, the high intensity ozone event, took place on 13 November 
2014 at 0436Z (0036LT) and increased ozone at the surface by 22.2 ppbv. The 
remaining images are the same as shown in Figure 21 for this storm. 
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Figure 23. Continued. 
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Figure 23. Continued. 
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information about the evolution and dissipation of the descending arms. However, 
updrafts and downdrafts can coexist on a variety of spatial scales, so I tested the 
sensitivity of the CFADs and the presence of descending arms to various spatial 
resolutions. 
The ozone measurements we have available are point measurements and our 
focus is on what is happening within a close vicinity to the instrument site. I 
experimented with a range of areas between 2 x 2 km (the smallest resolution available) 
up to a 50 x 50 km box centered over T3. Figure 24 shows CFADs from the three case 
studies in Figures 11-13 made for three different sizes (i.e., 14, 22, and 44 km grids) to 
illustrate the effects of a changing the domain size. The smaller grid sizes were generally 
insufficient in capturing enough of the updraft and downdraft portions of the storm 
unless the convection was happening directly and exclusively within the grid box that 
contained T3. The larger sizes included too much surrounding convection, especially 
during large wet season systems, and storm details were washed out making those 
CFADs less useful for this purpose.  
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Figure 24. CFADs for the times surrounding the Case #1 ozone event made for three 
different domain sizes (14 x 14 km, 22 x 22 km, and 42 x 42 km) centered over T3. 
Time increases from left to right and the domain size increases from top to bottom. Each 
column represents the same time. 
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Figure 25. Same as Figure 24 but for Case #2. 
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Figure 26. Same as Figure 24 but for Case #3. 
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A size of 22 x 22 km, which is 11 x 11 grid boxes, centered over T3 was found to be the 
ideal size for viewing the descending arm and storm characteristics during ozone 
enhancement events. 
 
3.3 CFAD Ozone Composites  
Similar to the seasonal composite CFADs in Sec. 2.5, composite CFADs were 
made to test the robustness of the descending arm for all observed ozone events (Figure 
27). The time of maximum surface ozone was recorded for all ozone events observed at 
the T3 location. The radar volume scan that contained this time was considered the 
center and thought to be the time most likely to contain the descending arm. Two 
volume scans on either side of the maximum time (+/- 24 minutes) were also used to 
create composites. Five total composites were made to illustrate the average evolution of 
each storm over the course of an hour.  
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Figure 27. CFAD composites centered around the time of maximum observed surface 
ozone. The gap between each image is 12 minutes, so together the 5 images show the 
storm evolution over 1 hour. 
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Figure 27. Continued. 
 
 
 
While the descending arm isn’t as clear as during the individual cases, there is 
some expansion in reflectivity noticeable near 5 km as the time approaches the time of 
max ozone. The time of max ozone shows a shallow descending arm of reflectivities, but 
it does not make it all the way to the surface. The last two composites show higher 
concentrations of larger reflectivity values at lower levels compared to the two previous 
images, but a clear transition to a stratiform type profile is not evident. The variability in 
storm characteristics and the wide range in strength of ozone events could have aided in 
washing out the details of the individual events, so we explore a more quantitative 
method for determining the characteristics of the descending arm. 
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3.4 Descending Arm Metric 
The need for a concise way to describe the strength of the descending arm led to 
the creation of an objective method, the descending arm metric. The basic idea is to plot 
the frequency distributions of reflectivity at each height level individually and then 
determine whether there is a bimodal distribution and if so, how strongly separated the 
peaks are. Figure 28 shows the frequency distributions of reflectivity for all levels 
between 2.5 and 12.5 km at the time of max ozone from the composite CFADs in Fig. 
27. At 12.5 km, the distribution has a single peak at low reflectivities. As we descend, 
the distribution becomes bimodal at 6.5 km, which we take as the start of the descending 
arm and height of the origin of the convective downdraft. The strongest separation 
between the bimodal distribution occurs at 4 km and represents the strength of the 
descending arm.  
More quantitatively, the bin sizes are split in half (0-19 dBZ and 20-55 dBZ) and 
the maximum value is identified in each half. Then the minimum value in between these 
two maximum values is identified. If the minimum value is less than the second peak, 
the descending arm metric is calculated by subtracting the frequency of the first peak 
from the frequency of the second peak. If only a single peak is identified no descending 
arm metric is calculated. 
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Figure 28. The composite frequency distributions for the time of max ozone at height 
levels 2.5 to 12 km. A bimodal peak, indicating the presence of a descending arm, is first 
seen at 6.5 km and is most distinct at 4 km. 
 
 
 
Several problems arose with the automatic detection of the descending arm 
metric. Although rare, the method does not work when both peaks fall within the same 
half of the reflectivity range (e.g., both peaks are in the range from 0-19 dBZ or 20-55 
dBZ). Because of the relatively small number of events, these cases were corrected by 
hand to get a realistic representation of the descending arm metric magnitude. Future 
work would include making this method more efficient to avoid such mistakes. A 
possible solution might include identifying peaks using a function that identifies local 
minima and maxima.  
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The magnitude of the descending arm metric represents the strength of the 
descending arm. A positive descending arm metric value indicates that the concentration 
of reflectivity values within the descending arm was higher than the remaining 
convective portion. A negative descending arm metric indicates a weak descending arm. 
Having this metric now allows us to detect descending arms and test their sensitivity to 
more environmental characteristics.  
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4. CONCLUSIONS AND FUTURE WORK 
 
CFADs made over a smaller area have proven useful in gathering information 
about the structure and evolution of storms during ozone enhancement events over the 
Amazon. The vertical structure of reflectivity values laid out in this way can tell us a lot 
about the convective transport taking place. CFADs and corresponding theta-e 
measurements are useful in identifying the approximate origin of the convective 
downdrafts that bring ozone to the surface. The shape and distinctiveness of the CFADs 
also gives an indication of the timing and magnitude of the enhancement events. The 
vertical profilers present during the campaign confirmed the presence of descending 
motion.  
The descending arm, a CFAD feature characteristic of descending motion, 
proved to be a robust feature during a majority of the ozone enhancement events 
observed during the GoAmazon2014/5 campaign. Composite images of CFADs showed 
the descending arm takes place in close proximity to the time of maximum observed 
surface ozone. The descending arm feature of these CFADs provides an accessible way 
to track the convective transport of trace gases such as ozone. This methodology could 
be expanded over an entire radar domain where surface ozone measurements are not 
available to predict ozone enhancement events in the presence of convection. 
The descending arm metric is a simple tool useful for identifying and quantifying 
the relative strength of descending arms. The descending arm metric takes advantage of 
the difference in reflectivity frequencies between the two peaks in the presence of a 
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descending arm. In a distribution with a single peak there is no descending arm and thus 
less variability in storm vertical motion over the horizontal scale of a few convective 
cells. This metric can be used to compare the strengths of descending arms to various 
environmental factors. Future work will further explore and refine the use of automated 
techniques for identifying and categorizing descending arms and their use in identifying 
the presence and strength of convective cold pools. 
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